Introduction
In Drosophila, different classes of genes involved in the segmentation processes [maternal, gap, pair-rule and segment polarity genes) divide the embryo along the antero-posterior (A/P) axis into repeated homologous units (Niisslein-Volhard and Wieschaus, 1980; Gaul and Jtickle, 1990 ) which will develop specific identities and morphogenetic features under the control of homeotic genes. Homeotic genes are active in defined regions of the embryo where they are thought to control the activity of downstream target genes. Pioneering studies (Lewis, 1978; Wakimoto and Kaufman, 1981) concluded that two gene complexes located on the third chromosome, the Antennapedia and Bithorax complexes (respectively ANT-C and BX-C) play a key role in the establishment of head, thoracic and abdominal identities. The molecular characterization of these genes has shown that all the homeotic members of the complexes (HOM-C genes) encode transcription factors containing a conserved DNAbinding unit known as the homeodomain (McGinnis et al., 1984; Scott and Weiner, 1984) . Further studies in other organisms from hydra to man have shown that the structure, functions and arrangement of these genes have been extensively conserved during evolution (McGinnis and Krumlauf, 1992) .
It is now becoming increasingly clear that several genes with true homeotic functions map outside of the two HOM-C complexes. Some of these genes, such as fork head (fkh) and spalt (sul), termed region-specific homeotic genes, are required for the specification of body identity: jkh and sal are expressed in, and specify the identities of, terminal and head/tail regions of the embryo, respectively (Jiirgens, 1988; Jiirgens and Weigel, 1988; Kiihnlein et al., 1994) . More recently, the cup'n'calfur (cnc) gene encoding a bZip transcription factor has been identified as a new segment-specific homeotic gene involved in the control of head identity (Mohler et al., 1995) . gene is exclusively expressed in the trunk, in a pattern complementary to that of sal, and loss of tsh function upsets the differentiation of the trunk (Fasano et al., 1991) . When Scr, Antp and BX-C genes are mutated, all the trunk segments adopt prothoracic and gnathal identities (Struhl, 1983; Sato et al., 1985) . We found that in embryos lacking not only these HOM-C gene activities but also that of tsh, trunk identity is lost and thoracic and abdominal segments develop head structures (RGder et al., 1992) . These results suggested a role for fsh in the establishment of a ground state of the trunk, an idea which was further supported by the finding that ectopic expression of tsh induces trunk-specific structures in the head (De Zulueta et al., 1994) . We have proposed that the diversification of thoracic and abdominal segments is determined in part by the combinatorial action of tsh and of HOM-C genes active in the trunk. This is best exemplified by the process of identity specification on both sides of the head/trunk border: a labial segment is made when Scr alone is active, while a prothoracic segment forms only in the presence of both the fsh and Scr products (Rader et al., 1992; De Zulueta et al., 1994) . Consistent with this, it has been demonstrated that tsh defines the posterior border of Scr function in the formation of salivary glands, a structure deriving from the labial segment (Andrew et al., 1994) .
tsh encodes a protein with widely spaced zinc finger motifs, presumably involved in the direct control of downstream target genes (Fasano et al., 1991) . The genetic interactions between tsh and HOM-C genes in the process of segment diversification suggest that HOM-C and TSH proteins may share common targets. In order to gain insight into TSH protein expression and function, we have produced a specific antibody and monitored the cellular and spatio-temporal expression of the protein during embryogenesis.
The distribution of the TSH protein is consistent with its function in the trunk epidermis, but also suggests that TSH might be implicated in additional morphogenetic events. We also report the identification of a likely candidate for a direct target of fsh, the module gene (mod; Krejci et al., 1989) , a modifier of variegation controlled by Ubx and Scr (Graba et al., 1994) . We provide evidence that TSH binds specific sequences in a 5' mod control region that in vivo responds to tsh activity.
Results

Characterization of the Teashirt protein
To prepare a specific antibody against TSH, two different TSH fusion proteins were produced in bacteria as a source of immunogen (Fig. 1A) . The GST-TAZFl fusion protein was more stable than the GST-TSH one during purification steps, and was therefore used to immunize rats. The resulting antisera were found to be specific for the TSH protein based on four criteria: the first one is the specific recognition of different TSH fusion proteins on Western blots (Fig. lB, lanes 1 and 2) ; second, on a Western blot of crude embryonic protein extracts (Fig.  lB, lane 3) , the antibody recognizes a doublet at 120-130 kDa, which is approximately the expected molecular weight for the TSH protein as deduced from the cDNA sequence (Fasano et al., 1991) . The presence of the doublet could tentatively be explained either by differential splicing, post-translational modification events (there are numerous putative phosphorylation sites in the sequence) or by degradation during preparation of the extracts. Third, the spatio-temporal pattern of the protein recognized by the antibody in wild-type embryos resembles that described for the tsh RNA (Fasano et al., 1991) (Figs.  2 and 3) . Finally, no protein is detected in tsh8 null mutants embryos (data not shown), whereas embryos containing an additional copy of the tsh gene placed under the control of a heat-shock promoter exhibit a ubiquitous pattern of expression as detected by the antibody (Fig. 1D in De Zulueta et al., 1994) .
The anti-TSH antibody allowed us to study the intracellular localization of the protein. During early stages, the protein appears as a diffuse labelling in the cell, suggesting that it is present both in cytoplasmic and nuclear compartments ( Fig. 2A,B) . It is clear that from stage 7 onwards, the protein is located principally in cell nuclei . The distribution of TSH in cells dissociated from 3-5.5 h embryos (Fig. 1C ) confirms its nuclear localization and also indicates a punctate pattern within the nuclei.
Localization of the Teashirt protein in embryos
The anti-TSH antibody was used to determine the spatio-temporal pattern of the TSH protein on whole mount embryos. The TSH antigen is first detected at a low level at the beginning of gastrulation (stage 6), in a domain located in the central part of the embryo, spanning 45-60% egg length ( Fig. 2A) . During gastrulation, a transient pattern of five stripes with variable width and spacing is observed, the three posterior ones appearing weaker than the two anterior ones (Fig. 2B) . During early germ band elongation (stage 7), the striped pattern disappears and the whole trunk region of the elongating germ band becomes stained, although more protein is detected in the thoracic than in the abdominal segments (Fig. 2C) . The protein pattern is superimposable to the tsh RNA pattern (Fasano et al., 1991 ), but appears with a delay estimated to 30-45 min. During subsequent development, the protein continues to accumulate in parasegments (PS) 3-13, with a higher level in the three thoracic segments (Fig. 2D-F) . A weak intra-parasegmental modulation, with a stronger expression in the posterior part of every parasegment, can be observed (Fig. 2D,E ). This is best seen when germ band elongation is completed (Fig. 2F) . (A) Schematic presentation of TSH fusion proteins. tsh cDNA is shown at the top of the scheme, as described in Fasano et al. (1991) . Translation start and stop codons are noted and the arrow indicates the direction of transcription. Only those of BarnHI, EcoRI and DraI restriction sites which were used to make the two fusion proteins (see Section 4) are indicated. In the GST-TSH and GST-AZFl fusion proteins, the glutathione-S-transferase (GST) part is shown by a black bar and darkly stippled boxes represent the zinc finger motifs. The size in amino acids (aa) of each protein is indicated in parentheses. (B) Western blot analyses using anti-TSH antibody: the antibody directed against the GST-AZFI fusion protein (see Section 4) was used to probe Western blots from purified fusion proteins or crude embryonic protein extracts. Lane I corresponds to purified GST-AZFl fusion protein, and lane 2 corresponds to the GST-TSH fusion protein. In both cases, the antibody recognizes the respective fusion protein, as shown with arrows. The multiple bands migrating below each fusion protein are probably due to degradation. In the right panel, the antibody recognizes a doublet at a molecular weight expected from the tsh cDNA sequence (Fasano et al., 1991) After completion of the germ band shortening (stage 13), one row of cells is more intensively stained in the anterior part of every thoracic and abdominal segment (Fig. 3A) . At this stage, a longitudinal line of labelled cells can be detected at the junction between the amnioserosa and the segmented ectoderm of the trunk (Fig. 3A) . During late stage 14 and stage 15, these labelled cells provide a good marker to follow dorsal closure and heart morphogenesis ( Fig. 3D,E ). At these stages and later on, labelling is also detected in a small group of cells corresponding to the anal tuft (Fig. 3D,G) , and in three contiguous rows of cells in the eighth abdominal segment (Fig. 3D,E) . Other tissues or organs display a differential TSH protein pattern. In the ventral nerve cord, the protein is abundantly expressed, with higher levels in the three thoracic segments (Fig. 3B ,C) and this labelling persists until the end of embryogenesis (Fig. 3H ). In the gut of stage 13 embryos, the visceral mesoderm surrounding the midgut in posterior PS4, 5 and 8 is strongly stained as well as PS6, but with a weaker intensity ( Fig. 3BJ ; (Fig. 3H) , as well as a faint labelling in the somatic musculature (Fig. 3G) . Finally, the TSH protein appears to be differentially located in the primordia of leg E. Alexandre et al. /Mechanisms of Development 59 (1996) 191-204 195 imaginal discs where it seems to be present in the proximal, but not in the distal part of the disc primordia ( Fig.  3C ,J).
modulo is a genetic target of the teashirt gene
Previous genetic studies suggested that TSH and HOM-C proteins could regulate common target genes.
We propose that mod, a modifier of variegation (Garzino et al., 1992; Graba et al., 1994) , is a likely candidate for being such a common target. The gene is strongly expressed in PS2, where it constitutes an early marker for the salivary placodes, the primordia of the salivary glands (Fig. 4A) . In a Scr mutant, no mod expression is detected In an HSS embryo, mod is expressed in the PS2 (arrowhead) and ectopically in some gnathal segments (arrow) and at weak levels in all the trunk segments. (E) In a HSS tsh-embryo, mod is expressed in PS2 (arrowhead) and also on both sides at the same level (arrows). (F) In an HST embryo, no mod expression is detected in PS2 (arrowhead), in PS2 (Fig. 4B ), indicating that the high level of mod expression in this parasegment is under the positive control of the SCR protein. tsh is expressed all over the trunk region (PS3-13) and is required to assign prothoracic identity. It might therefore repress mod expression in PS3, defining the posterior boundary of the ectodermal mod expression domain. In tsh-embryos, both Scr (Fasano et al., 1991) and mod ( Fig. 4C ) genes are expressed ectopitally in the ectoderm of PS3. Since Scr is an activator of mod expression in PS2, a simple interpretation of the latter result would be that the ectopic mod expression just follows the ectopic expression of Scr in PS3. This interpretation does not exclude the possibility that, in wild type embryos, tsh directly represses mod in PS3. In order to test this hypothesis, one would like to observe the effect of tsh on mod expression in the absence of Ser. Unfortunately, such an experiment is not feasible, since mod is not expressed in PS2 in a Scr mutant (Fig. 4B) To overcome this problem, we expressed either the SCR or the TSH protein ubiquitously under the control of a heat shock promoter (HSS and HST, respectively). In heat-shocked HSS embryos, the mod gene is normally expressed in PS2 and ectopically at a low level in PSO, more abundantly in PSl, and at low levels in all trunk segments (Fig. 4D) . The level of ectopic mod accumulation in PS3 is significantly lower in HSS embryos (where the SCR protein ectopically accumulates in the presence of tsh activity) than in tsh-embryos (where the SCR protein accumulates in the absence of tsh function; Fig.  4C,D) . In accordance with these results, ectopic mod expression in the head of a HSS embryo is stronger than in the trunk (Fig. 4D) . Consistently, ectopic mod expression occurs at the same level on both sides of PS2 in HSS tshembryos (Fig. 4E ). These observations indicate that mod activation by Scr is much more efficient wherever tsh+ activity is absent. They also show that there is an effect of (B) mod774acZ, rsh-embryo. As shown for mod transcripts in the same genetic background, the 1ucZ reporter gene ectopitally accumulates in the ectoderm in the ventral part of PS3. This indicates that the BamWMlul fragment contains sequences responding in vivo to tsh activity. tsh on mod expression which is exerted independently of Scr, since the level of mod expression is modulated by tsh activity in the presence of an Scr source which is transcriptionally insensitive to tsh (HSS). This evidence for an Scr-independent effect of TSH on mod expression is strongly supported by experiments on heat-shocked HST embryos. We previously showed that Scr is normally expressed and functional in the PS2 in such embryos since their labial segments are transformed into prothoracic ones (De Zulueta et al., 1994) . If mod regulation was dependent on Scr only, one would have expected a normal expression of mod in HST embryos. This is clearly not what is observed, and on the contrary, mod transcripts are absent from the PS2 of HST embryos (Fig. 4F) .
Taken together, these results provide the best circumstantial evidence that one biological role of tsh is to repress mod expression in the ectoderm, and that this negative control is performed independently of Ser. Thus, we propose that the absence of mod expression in the ventral part of PS3 is controlled both by the absence of SCR and the presence of TSH.
The Teashirt protein binds to specific DNA sequences within a 5' modulo regulatory region that reproduces teashirt-dependent expression in the ectoderm
Genetic results described above have shown that TSH exerts repressive effects on mod transcription. This result, as well as the presence of three zinc finger motifs in the protein, raises the possibility that TSH binds directly to regulatory elements within the mod gene. It has previously been reported that an 11 kb SphI genomic fragment rescues the lethality associated with mod null mutations (Garzino et al., 1992) . Further analysis has shown that this fragment drives the embryonic expression of mod in a way indistinguishable from the wild type pattern (unpublished results). It contains 5 kb of sequences located upstream of the translation start plus 6 kb of coding and 3' regions of the mod gene (Krejci et al., 1989) .
A 1050 bp BamHI-MluI fragment lying just upstream of the mod translation start and containing two previously identified promoters (Fig. 6A ) was fused to the 1acZ reporter gene in a vector containing only the sequences required for translation, initiation and introduced by germ line transformation in to the fly genome. We recovered two independent lines (modT7-1acZ and modT1 I-1acZ) driving the same /3-galactosidase pattern. Both reproduce several aspects of mod embryonic expression in the mesoderm, the primordia of the anterior and posterior midgut and the ectoderm (Fig. 5A) . In the ectoderm, and as for the mod transcripts, 1acZ transcript accumulates in PS2 and at the tip of the germ band. When tsh function is absent, these constructs show ectopic expression of the 1acZ reporter gene (Fig. 5B) , as is observed for mod transcripts in the same mutant background (Fig. 4C) . It can therefore be concluded that this fragment responds in vivo to tsh activity. If this control is direct, one should expect this fragment to contain sequences mediating mod direct regulation by tsh.
In order to test this hypothesis, band mobility shift analyses were performed on the BamHI-MiuI fragment, as well as on three subfragments (554 AccI, 170 AccI/ MluI, 250 BamHVAccI) with purified GST-TSH protein (Fig. 6A,B) . Out of the three fragments, only the 554 bp AccI fragment lying in the central part of the BamHIMluI fragment gave a shift with the TSH protein in our assay (Fig. 6B) . These experiments suggest that this fragment contains one or more TSH binding sites. Different overlapping subfragments (see table in Fig. 6A ) were then used to reduce the size of the shifted fragment, which led to the characterization of one region of 160 bp, able to interact with the TSH protein (Fig. 6C ). This 160 bp fragment was further used in a DNase I footprint assay on both strands and allowed us to identify on one strand (Fig. 7A ) two protected sequences of 14 and 13 bp (Fig. 7B, lower strand) named, respectively, binding sites I (5' GTAAATGGCGGAAC 3') and 2 (5' TATITITCC AATG 3'). In order to address the presence of other puta- tive protected regions at the extremities of the 160 bp fragment, we performed DNase I footprint assays with overlapping fragments. However, none of them allowed us to identify new protected regions. We have noted the presence of two conserved hexanucleotide sequences at the borders of the protected areas (Fig. 7B) . Also, an undecanucleotide sequence in binding site 2 is completely conserved in a 877 control region of the Distal-less (Dll) gene (Fig. 7C) (Vachon et al., 1992) , which drives 1ac.Z expression in a t&-dependent manner (S. Kerridge, unpublished results).
To investigate the binding specificity of the TSH protein on these sequences, we synthesized two doublestranded oligonucleotides containing, respectively, binding sites 1 or 2 (see Section 4). These oligonucleotides were used as specific competitors in band shift assays. The binding of the TSH protein to the 160 bp mod fragment was inhibited by the presence of a 200~ molar ex- (Vachon et al., 1992) . Nucleotides identical between the two sequences are indicated by asterisks.
cess of oligonucleotides containing either binding sites 1 seems to be stronger since a comparable molar excess of or 2 (Fig. 8, lanes 4 and 5, respectively) while an equivaan oligonucleotide containing the binding site 1 led to a lent amount of an oligonucleotide containing an unrelated weaker competition (Fig. 8, lanes 4 and 5) . These results DNA sequence failed to inhibit TSH binding (Fig. 8, lane show that TSH specifically binds to sequences 1 and 2 in 6). The affinity of the TSH protein for the binding site 2 the 1050 bp mod upstream region. Taken together, the results show that we have identified a DNA fragment from the mod gene which responds in vivo to tsh activity and contains specific TSH in vitro binding sites.
Discussion
The Teushirt protein expression pattern during embryogenesis
The TSH protein expression pattern resembles that reported for the RNA (Fasano et al., 1991) , but new features are emerging which may shed new light on tsh function. During embryogenesis, the TSH protein is detected as early as the beginning of gastrulation stage. The early appearance of the protein is in accordance with the idea that tsh is the first homeotic gene to promote segmental identity within the trunk domain (Roder et al., 1992; De Zulueta et al., 1994) . TSH protein mostly accumulates in the same tissues as other HOM-C proteins do, i.e. the epidermis, the central nervous system (CNS), and specific domains of the visceral mesoderm. At the germ band elongation stage, and as was expected from its function, the TSH protein is expressed in the epidermis of PS3-13, with a stronger expression in the posterior part of each PS. Similar intrasegmental modulation has been previously observed with HOM-C products. One possible explanation for this differential expression within trunk PSs is a regulation by upstream genes such as segmentation genes. It has been shown that theftz gene is required for the correct activation of the Antp and Ubx homeotic genes (Ingham and Martinez-Arias, 1986 ) and recent experiments suggest this is also true for tsh, the transcription of which is activated by ftz in each even-numbered PS (Core, McCormick, Scott and Kerridge, in preparation).
As for HOM-C genes, tsh expression also depends on gap and pair-rule gene activities (Ridder, Vola, Fasano and Kerridge, in preparation). Thus, similar regulatory circuits lead to overlapping HOM-C and tsh patterns, which is of fundamental importance for segment identity specification in the trunk epidermis. In other tissues requiring HOM-C gene activity for accurate development and patterning, tsh is also largely expressed. This is the case in the CNS, the somatic muscles and the visceral mesoderm, where tsh has been shown to be involved in midgut compartimentalization (Mathies et al., 1994) . Finally, TSH also accumulates in the dorsal vessel during heart morphogenesis (Fig. 3D) . Although the requirement of HOM-C genes in the regionalization of the heart is likely but not established, the TSH expression pattern suggests that it might function in close relation with homeotic genes in mesodermal and endodermal derivatives.
The Teashirt homeotic protein which contains widely spaced zinc fingers binds directly to DNA
The product of the unique homeotic gene tsh does not contain any homeodomain motif, but zinc fingers instead.
Together with the two Drosophila proteins PEP (Amero et al., 1991) and SUVAR(3)7 (Reuter et al., 1990) , TSH defines a new structural subclass, the widely spaced zinc finger proteins (Fasano et al., 1991) in which fingers are not separated by the classical seven amino acid-long H-C link but by spacers of variable size (between 30 and 120 amino acids). In the larger subclass of tightly bound zinc fingers (of which TFIIIA and Krtippel are among the best studied representatives) extensive studies led to the characterization of several DNA binding site sequences (Harrison and Travers, 1988; Treisman and Desplan, 1989; Zuo et al., 1991) . In all cases, it seems that each finger is able to recognize three nucleotides on the DNA molecule, and that consecutive fingers recognize contiguous triplets on the DNA helix, so that three-fingered proteins recognize a nonanucleotide motif (Nardelli et al., 1991) . Thus, while the characteristics of DNA (and sometimes RNA) interaction of tightly bound zinc finger proteins are now reasonably well understood, the situation is completely different with regard to the widely spaced finger subclass. No DNA sequence binding sites have yet been identified for any member of this subclass and it has even still not been proven that these proteins can bind to nucleic acids.
The results reported here show that TSH binds in vitro to DNA in a sequence-specific manner. Although it is likely that the zinc finger motifs are involved in the binding of the TSH protein to DNA, we presently do not know if other regions of this large protein (993 amino acids) are also involved in DNA recognition. This would be the simplest explanation for the fact that the two sequences that we have identified in the mod control region share little sequence homology. A functional dissection of the protein, presently in progress, will address whether the zinc fingers are indeed required for DNA binding and define their relative contribution, and also whether other domains contribute to TSH DNA binding activity. Defining consensus TSH DNA binding sequence(s) will obviously require the experimental identification of additional TSH binding sites on other genes. It is perhaps noteworthy in this respect that a tsh-dependent 877 bp control region of Dll (Vachon et al., 1992; S. Kerridge, unpublished data) contains an undecanucleotide motif which is identical to the binding site 2 in the mod regulatory region (ATTGGAAAAAT; Fig. 7C ). In conclusion, the data presented in this paper reinforce the idea that TSH functions as a DNA-binding transcriptional regulator.
Genetic characterization of a tsh downstream gene
It has already been reported that mod expression is regulated by the Scr and Ubx HOM-C genes (Graba et al., 1994) . Here we have shown that mod is also controlled by rsh and that this control is independent of Ser. These results support the hypothesis, based on functional analysis, that tsh and HOM-C genes could share common target genes. In this hypothesis, one could envision that TSH might function in two different ways: first, TSH and HOM-C products could act cooperatively for the regulation of downstream targets, implying that they have to be present in the same cells at the same time; second, tsh and HOM-C genes could share some common target genes, but act independently in the regulation of their expression. mod regulation by tsh and Scr in the ectoderm fits with the second idea. Indeed, Scr activates mod in the ventral cells of the second parasegment which will form the salivary gland placodes, a region where tsh is not expressed. On the other hand, we propose that TSH represses mod in the ventral part of the third parasegment, at a place where the Scr product is not present. Thus, in the ventral ectoderm of PS2-3, SCR and TSH act independently and in different cells to control the expression of a common target gene, mod.
tsh functions to limit salivary gland induction by Scr in the trunk, both by transcriptional repression of Scr (Fasano et al., 1991) and by restricting the activity of its product (Andrew et al., 1994) . We therefore have here an interesting example of how, within a regulatory network, a single gene can efficiently impose the silencing of a target gene in a region where its expression could be detrimental: a double-lock mechanism initiated by the tsh gene both represses the expression of mod and at the same time also represses that of Scr, an activator of mod, therefore ensuring an efficient silencing of the mod gene in PS3. The identification of TSH binding sites in a mod upstream control region that drives the gene expression in the ectoderm in a tsh-dependent manner suggests that the control of mod by TSH might be direct, although additional evidence will be needed to definitively prove it.
mod is a suppressor of variegation, suggesting that its product controls chromatin structure and activity (Garzino et al., 1992) . Among several specific defects, mod mutants affect salivary gland morphogenesis (Graba et al., 1994) . mod is not required for salivary gland cell fate specification, but rather acts strictly downstream of homeotic genes to control accurate organogenesis.
In addition to mod, tsh is also involved in the down-regulation in the trunk of dCREB-A, a gene whose expression follows salivary gland morphogenesis (Andrew et al., 1994) .
Modes of action of the Teashirt protein: multiple levels of interaction with HOM-C genes
To explain how functional specificity of homeotic products that share similar in vitro DNA-binding properties is achieved, and how the same homeotic gene can control several morphogenetic pathways, it has been proposed that 'non HOM-C' proteins, such as the product of the exrradenticle gene Rauskolb et al., 1993) participate to homeotic functions.
tsh also has a homeotic function during Drosophila embryogenesis. Analysis of tsh function in several developmental processes indicates that tsh acts in different ways and at different levels for normal segment identity. First, tsh controls homeotic gene expression, repressing head homeotic genes in the trunk, thus participating in the cross-regulatory interactions between homeotic genes (Rbder et al., 1992) . Second, the combinatorial action of tsh and Scr controls the identity specification of the labial versus prothoracic segment. While the presence of SCR alone specifies labial identity, simultaneous presence of TSH and SCR proteins in the same cells defines a prothoracic identity (Fasano et al., 1991; RGder et al., 1992; De Zulueta et al, 1994) . In this latter case, it is likely that tsh and Scr control a common set of downstream target genes whose coordinate activation directs the differentiation of prothoracic specific features. It is, however, also possible that each gene controls a specific set of downstream targets, and that it is the combination of independently activated targets that together define prothoracic identity. In addition, tsh cooperates with other HOM-C genes in the establishment of thoracic and abdominal identities (Rbder et al, 1992; De Zulueta et al., 1994) . Third, tsh also pre-vents salivary gland morphogenesis in the trunk by repressing both the expression and the activity of Scr in this tagmata (Andrew et al., 1994) . The results presented here, i.e. the down-regulation of mod by tsh, suggest that direct repression of Scr downstream genes might be at least part of the mechanisms leading to the modulation of Scr activity in the trunk: In the control of mod expression, tsh and Scr act independently, in distinct cells and with opposite effects. Finally, analysis of tsh function in midgut morphogenesis has shown that it is active there downstream of homeotic genes (Mathies et al., 1994) .
Taken together, these observations indicate that TSH function is closely related to that of the HOM-C proteins. Depending on the developmental context, TSH acts either upstream, downstream or at the same level as HOM-C proteins for the patterning of the embryo, by regulating common downstream targets. The finding that TSH interacts in vitro with DNA provides a clue for understanding how it achieves its developmental functions, although the molecular mechanisms involved remain to be elucidated. A better understanding of TSH function during homeosis should arise from the precise molecular analysis of the regulation of the herein identified target gene mod, and also from the identification of additional TSH targets.
Experimental procedures
Flies, egg collection and heat shock conditions
Oregon R was used as the wild type standard. Mutant alleles used were SC~~'~ (Wakimoto and Kaufman, 1981) and tsh8 (Fasano et al, 1991) . The HS-SCR line was provided by M.P. Scott (Zeng et al., 1993) and the HS-TSH lines are described in De Zulueta et al. (1994) . Flies were grown in standard culture conditions at 25°C. Egg collection and preparation were done as described in Fasano et al. (1991) . For heat-shock experiments, embryos were collected for 3 h, aged 3 h at 25°C and heat-shocked for 20 min at 36°C in a water bath. After 1.5 h of recovery, a second identical heat pulse was given. Embryos were allowed to develop until they accomplished germ band extension and prepared for in situ hybridization as described below.
Construction and purification of TSH-fusion proteins
A 3.0 kb DraI fragment from the R30b tsh cDNA (nucleotides 1004-4101; Fasano et al., 1991) encoding the full-length TSH protein (993 amino acids) was cloned into the SmaI site of the pGEX-2T vector (Smith and Johnson, 1988) to give the GST-TSH fusion protein (1229 amino-acids) construct. The GST-TAZFl fusion protein (792 amino acids) construct was obtained by inserting a 1.9 kb BamHI-EcoRI tsh cDNA fragment (nucleotides 23214219; Fasano et al., 1991) encoding the 556 carboxy-terminal amino acid residues from the TSH protein into the pGEX-1 expression vector (Fig. 1A) . Fusion proteins were expressed and purified using glutathione-agarose beads according to the method of Ip et al. (1991) . In order to be used either for immunization or for gel shift purposes, the purified proteins were further enriched in full length forms by SDS-PAGE and electroelution after excision of corresponding acrylamide bands according to the method of Hunkapiller et al. (1983) . After elution, samples were concentrated with centricon 30 tubes (Amicon) to a final concentration of 10 mg/ml. SDS-PAGE analysis of TSH full length or TAZFl fusion proteins purified according to the above protocol showed only one band in each case after Coomassie blue staining.
Antibody production
Three rats (Lou strain) were initially immunized with 2OOpg of protein suspended in complete Freund's adjuvant and boosted three times with 100,~g of protein suspended in incomplete Freund's adjuvant. The specificity of antibodies was tested on purified TSH-fusion proteins and crude embryonic protein extracts resolved by SDS-PAGE and transferred to nitrocellulose. Primary antibody was used at a final dilution of 1: 1500. Alkaline phosphatase conjugated anti-rat antibody (Biosys) was used as secondary antibody.
lmmunostaining and in situ hybridization on whole mount embryos
Fixed embryos were treated for 15 min in 3% H,Oz in methanol, rehydrated in PBS and incubated in a blocking solution (Vector Laboratories) for 3-5 h. Depleted primary antibody was used at a final dilution of 1:300 and incubated overnight at 4°C. After several washes in-PBT (PBS, 0.1% Triton X-100) embryos were incubated for 2 h at room temperature with biotinylated anti-rat antibody (Vector Laboratories; diluted 1:200 in blocking solution), which was detected after several washes in blocking solution with diaminobenzidine using the Vectastain Elite ABC horseradish peroxidase kit from Vector Laboratories.
In situ detection of mod transcripts was performed using a digoxigenin DNA-labelled probe synthesized from a 1.5 kb EcoRI cDNA fragment (Krejci et al., 1989) according to the procedures of Tautz and Pfeifle (1989) .
Immunostaining of dissociated embryonic cells
Preparation of staged embryonic cells (using 3-5.5 h embryos at 25°C) was performed as described in Gratecos et al. (1987) . Primary anti-TSH antibody was used at a final dilution of 1:300. A rhodamine-conjugated anti-rat antibody (Jackson Laboratories) was used as a secondary antibody at a dilution of 1:200. Photographs were taken at a magnification of 63X using a Zeiss Axiophot fluoressame fragment, and loaded on the same gel to identify the cent microscope.
regions protected by the GST-TSH protein.
lac-Z reporter construct and germ line transformation
Acknowledgements
The 1050 BamHI/MluI fragment from the mod 5' regulatory region (see Fig. 6A ) was cloned in the polylinker sequences (BamHI site) of the pCasper AUG /Igalactosidase vector (Thummel et al., 1988) . Plasmid DNA was prepared and used for P element mediated germ line transformation as described by Rubin and Spradling (1982) . Two independent transgenic lines modT7-1acZ and modTll-1acZ
were obtained, and reporter gene expression was monitored by in situ hybridization using a digoxigenin RNA-labelled 1acZ probe.
It is our pleasure to thank Christiane Doumeng for excellent technical assistance, Isabelle Vallarche and MarieRose Hirsch for advice in gel shift and footprint experiments and Christine Vola and Laurence Roder for helpful discussions. We thank Matt P. Scott for kindly providing the HSS strain and the Bloomington stock center for mutant strains used in this study. E.A., Y.G, A.G and L.P. were supported by MRT fellowships. The work reported herein was supported by grants from INSERM, from the Association pour la recherche medicale and from CNRS.
